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ABSTRACT: Chlorine-initiated oxidation of alkanes has been shown to rapidly form
secondary organic aerosol (SOA) at higher yields than OH—alkane reactions.
However, the effects of the alkane volatile organic compound precursor structure and
the reasons for the differences in SOA yield from OH-—alkane reactions remain
unclear. In this work, we investigated the effects of the alkane molecular structure on
oxidation by the chlorine radical (Cl) and resulting formation of SOA through a
series of laboratory chamber experiments, utilizing data from an iodide chemical
ionization mass spectrometer and an aerosol chemical speciation monitor.
Experiments were conducted with linear, branched, and branched cyclic C,, alkane
precursors under different NO, and RH conditions. Observed product fragmentation
patterns during the oxidation of branched alkanes demonstrate the abstraction of
primary hydrogens by Cl, confirming a key difference between OH- and Cl-initiated
oxidation of alkanes and providing a possible explanation for higher SOA production
from Cl-initiated oxidation. Low-NO,, conditions led to higher SOA production. SOA
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formed from butylcyclohexane under low NO, conditions contained higher fractions of organic acids and lower volatility molecules
that were less prone to oligomerization relative to decane SOA. Branched alkanes produced less SOA, and branched cycloalkanes
produced more SOA than linear n-alkanes, consistent with past work on OH-initiated reactions. Overall, our work provides insights
into the differences between Cl- and OH-initiated oxidation of alkanes of different structures and the potential significance of Cl as

an atmospheric oxidant.

1. INTRODUCTION

Atmospheric chlorine radical (Cl) is an important atmospheric
oxidant that is generally more reactive toward hydrogen
abstraction than the hydroxyl radical (OH) but is present in
lower concentrations and in more limited regions of the
atmosphere.' > Cl has long been understood to originate from
marine sea spray aerosol’ as well as a variety of natural and
anthropogenic sources that have been summarized previ-
ously.””® Ambient measurements have suggested additional
sources of Cl through observations in a variety of inland
regions.””'" A number of recent studies have identified diverse
and potentially significant sources for atmospheric chlorine
radicals, including biomass-burning aerosol,""? playa and
lakebed dust,"® and road salt.'* Given the varied known
sources and mechanisms for Cl production and the potential
for yet-uncharacterized sources, understanding the oxidative
chemistry of Cl and volatile organic compounds (VOCs) is
important for obtaining accurate model predictions for the
production of secondary pollutants including secondary
organic aerosol (SOA) and ozone."

The reactions of Cl with a variety of VOCs have a higher
rate constant” and can result in higher SOA yields than
reactions with OH."'®"” One particularly important class of
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VOC in this context appears to be alkane hydrocarbons' due
to a substantially higher reaction rate with Cl compared to
OH.»'® Alkanes comprise a significant portion of urban VOCs,
originating from varied sources such as combustion and vehicle
emissions, ~ ' asphalt usage,”” and commercial products and
activities (e.g,, cleaning and personal care products).””**
Alkanes are also present in non-urban areas and have been
linked to upstream fossil fuel processes.”” >’ Recent
experimental work has shown higher yields of SOA from the
high-NO,, oxidation of linear C8—C12 alkanes by Cl relative to
oxidation by OH.' The increased yield was theorized to result
from the ability of chlorine radicals to abstract hydrogen atoms

54
SS
56
Ny

from terminal carbon groups leading to the formation of s8
alkanes with terminal substituents,' which was based on prior s9

measurements and structure—activity predictions.3 In contrast,
the hydroxyl radical is not predicted and has not been observed
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Table 1. List of Experiments with Initial Conditions and Summary of Results

expt. # hydrocarbon precursor RH NO”
1 decane” <5% 32
2 decane <5% 36
3 decane” <5% 19
4 decane <5% 0
S decane ~40% 0
6 decane ~55% 0
7 decane” ~40% 19
8 butylcyclohexane (BCH) <5% 36
9 butylcyclohexane (BCH) <5% 18
10 butylcyclohexane (BCH) <5% 0
11 butylcyclohexane (BCH) ~50% 0
12 2-methylnonane (2-MeNo) <5% 3
13 3,3-dimethyloctane (3,3-DMO) <5% 38

NO,” SOA conc.”? yield? iy Jadt
0 59 0.81 8.4 x 1072 1.0 x 1071
0 69 0.95 8.5 x 1072 9.9 X 1072
18 63 0.86 8.1 X 1072 1.3 x 1074
0 98 1.34 9.0 X 1072 7.5 % 1072
0 120 1.63 9.0 X 1072 7.6 X 1072
0 160 2.16 9.8 X 1072 6.6 X 1072
17 37 0.51 8.6 X 1072 8.6 X 1072
2 77 0.94 6.5 X 1072 1.1 x 107
1 92 1.12 6.1 X 1072 1.1 x 107!
0 140 1.70 7.1 X 1072 1.1 x 107
0 140 1.70 6.3 X 1072 9.6 X 1072
0 44 0.61 8.9 X 1072 12 x 1074
0 16 0.22 9.3 X 1072 1.3 x 107!

“Experiments previously described in Wang and Hildebrandt Ruiz (2018). “Measured in ppb (volume). “SOA concentration, f,;, and f,; are
derived from ACSM measurements and are 15 min averages taken after a maximum organic concentration is reached. ¥Yield is calculated based on

the SOA concentration and the initial precursor concentration.

to abstract terminal hydrogens to a significant extent from
medium- and long-chain alkanes.”**’ Substituents located at or
near the end of an alkane will increase SOA yields both by
directly lowering alkane vapor pressure’’”>” and by directing
subsequent oxidation chemistry in a manner that disfavors
fragmentation to less volatile products.”*****

Emitted alkanes possess a variety of molecular structures,
including linear, branched, cyclic, and branched cyclic
structures.'””>** Alkane structure can have a substantial
impact on how oxidation chemistry proceeds and how much
SOA forms.”>™7 Relative to a base scenario where a linear
alkane is oxidized under high-NO, conditions, cyclic alkanes of
comparable carbon number produce more SOA because alkoxy
radical (RO) decomposition and bond scission can lead to a
ring-opening reaction that produces an aldehyde and primary
carbon radical while preserving the number of carbons in the
molecule.”” In contrast, branched alkanes produce less SOA
because bond scission leading to molecular fragmentation and
the production of more volatile smaller carbon number
molecules tends to be more favorable, as fragmentation near
a branching point will produce a more stable substituted
carbon radical.**® Branched cycloalkanes have a less general-
izable trend for SOA formation compared to cyclic and
branched alkanes,®® as their oxidation chemistry contains
aspects of both cyclic and branched alkanes.””*® Most prior
studies were conducted under high-NO, conditions with the
hydroxyl (OH) radical as the oxidant. The effects of alkane
structure under low and high-NO, conditions on chlorine
oxidation chemistry have not been investigated experimentally,
and potentially unique contributions of Cl chemistry to VOC
oxidation and SOA formation are difficult to discern during
ambient measurements.”” Instead of extrapolating from
established OH—akane chemistry, which has been shown to
differ from chlorine-alkane chemistry, a more detailed
experimental understanding of Cl as an oxidant and the effects
of structural branching on alkane oxidation will better aid in
the development of accurate estimations of VOC oxidation and
SOA production. Here, we present results from a series of
laboratory chamber experiments on Cl-initiated oxidation of
linear, branched, and branched cyclic C10 alkane precursors to
assess the effects of NO, and RH on the oxidative chemistry
and SOA formation potential for each of these alkane
structures.

2. EXPERIMENTAL METHODS

Experiments were conducted in an environmental chamber
consisting of a 10 m’ Teflon bag surrounded by UVA
blacklights (general #3208S, ~354 nm) and supplied with
clean air from a zero air generator (Aadco 737R). Prior to
turning on the UV lights, ammonium sulfate seed aerosol was
injected from an aqueous ammonium sulfate solution (0.01 M)
using an aerosol generation system (Brechtel AGS 2002).
Precursor gasses Cl, (101 ppm in N,, Airgas) and NO and/or
NO, (Airgas 9.98 and 9.86 ppm in N,, respectively) were
injected from gas cylinders and controlled using mass flow
controllers (Alicat). The VOC precursors, n-decane, 2-
methylnonane, 3,3-dimethyloctane, and butylcyclohexane
were purchased in the liquid form (Sigma-Aldrich, CAS #’s
124-18-5, 871-83-0, 41110-44-5, and 1678-93-9, respectively).
These are abbreviated as decane, 2-MeNo, 3,3-DMO, and
BCH through the rest of the paper. An initial Cl, concentration
of 40 ppb (volume) was used in each experiment. Laboratory
experiments utilizing high oxidant exposure may enable
reactions that are not common under ambient conditions,*’
for example, reactions of RO, radicals with OH or CL**~*
However, chamber modeling for gas-phase alkane—Cl
chemistry in the SAPRC framework using the Carbon Bond
Mechanism (CB6r4, see Supporting Information, Section S1,
for details of the modelling work) suggests that NO or HO,
concentrations remained sufficiently high** over the course of
experiments such that RO, + Cl/OH was not a substantial loss
process (Figure S1). NO and NO, concentrations were
measured throughout the experiment with a chemilumines-
cence monitor (Teledyne 200E) and a cavity attenuated phase
shift NO, analyzer (CAPS-NO,, Environment S.A. A32M).
NO concentrations were typically depleted to below the
detection limit within ~10 min after lights were turned on,
while NO, concentrations initially spiked as lights were turned
on and then decreased before plateauing for the duration of the
experiment (Figure Sla). The chamber may contain some
amount of residual NO, during low-NO, experiments;
however, a lack of substantial organonitrate formation suggests
that NO, levels were not sufficient to significantly affect
oxidation chemistry during low-NO, experiments. VOCs were
introduced to the chamber via a 250 mL glass sampling tube
(Kimble Chase) with a 2 L min™" flow of lightly heated zero
air. 1 uL of each VOC precursor was injected for each
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147 experiment leading to precursor volume concentrations of 11 measurements to the observed SOA trends are discussed in 207
148 ppb (decane, 2-MeNO, and 3,3-DMO) and 13 ppb (BCH); Sections 3.1—3.3. 208
149 mass concentrations were 73 and 82 ug m™>, respectively. After A significant difference between the oxidation of alkanes by 209
150 the reactants were well-mixed in the chamber, UV lights were Cl and OH is the greater propensity for Cl to abstract primary 210
151 turned on to initiate oxidation, which is the time designated as H. We have estimated, in a manner consistent with past 211
152 the start of each experiment and remained on for 30—60 min. work®*’ and based on previously determined structure 212
153 Chamber modeling suggests that the parent VOC is consumed activity relationships,’ the percentage of initial H abstraction 213
154 within approximately 10 min.*>** that occurs at primary sites in each parent VOC used in this 214
155 Aerosol size distributions were monitored with a scanning work, as well as the percentage at other sites. These estimates 215
156 electrical mobility spectrometer (Brechtel 2002). Bulk particle are compiled for each unique precursor H-abstraction site in 216
157 composition was measured with an aerosol chemical speciation Table 2 below and are outlined in greater detail in Supporting 217 22
158 monitor (Ng et al. 2011; ACSM, Aerodyne) that was

159 calibrated as described previously." ACSM data analysis was Table 2. Percentage of Initial H-Abstraction Occurring at

160 conducted in Igor (version 6.37, Wavemetrics Inc.) using the Different Unique Sites within Each of the Precursor

161 ACSM local 1.6.1.0 (Aerodyne). SOA concentrations were VOCs Used in This Work”
162 calculated using ACSM measurements while assuming a

. . PSR . -d BCH 3,3-DMO 2-MeN
163 collection efficiency of 0.5 and a relative ionization efficiency raecane =9

164 of 1.4 for organics. SOA was calculated as the sum of the primary (secondary)” U(Oé’)( 50/2)1) 27% (9)  17% (4)
165 ACSM-measured organic and nitrate fragments to account for secondary (primary + 27% 14%  34% (32) 15%
166 the formation of organonitrate molecules. Wall-loss corrections secondary (21) (8) (10)
167 were performed according to the method described in Pathak secondary (secondary + 63% 75% 40% (59) 57%
168 et al. (2007). Wall losses of gas-phase molecules were not secondary/tertiary/ (76) (67) (64)
169 accounted for which may bias measured SOA yields low, but ql,laternar_y) )

. . . tertiary (prlmary + primary + n/a n/a n/a 11%
170 such losses are not expected to substantially impact yield secondary) (22)
171 calculations over the timeline during which SOA concen- tertiary (secondary + secondary n/a 6% n/a n/a
172 trations are measured (~30 min since start of photo-oxidation; + secondary) (24)
173 see Table 1)-43 GaS-Phase composition was measured with a “Percentages may add to >100% due to rounding. bSubstitution of
174 high-resolution time-of-flight chemical ionization mass spec- adjacent carbon sites is indicated in parentheses. “Values shown are
175 trometer with I~ reagent ionization (Aerodyne; hereafter for Cl (and OH in parentheses).
176 referred to as I- CIMS or CIMS). The I~ CIMS has been
177 described in detail in prior publications.'®*® A filter inlet for Information, Section S2. Chemically distinct sites that have the 218
178 gases and aerosols (FIGAERO) was also used with the I~ same H abstraction rate are grouped together in the table; for 219
179 CIMS to analyze particle composition, which has also been example, the H abstraction rates for the carbon 1, carbon 8, 220
180 described in prior work."***’ In brief, the FIGAERO system and methyl group primary sites within 3,3-DMO are grouped 221
181 (FIGAERO-CIMS) alternates between gas-sampling/particle- together to give the 27% value. Percentages for oxidation by 222
182 collection and particle-sampling mode. During gas-sampling/ OH are calculated in the same manner’” and shown in 223
183 particle-collection mode, the sample flow was pulled through a parentheses, illustrating differences in where initial H 224
184 2.0 pm pore-size PTFE filter (Pall Corporation Zefluor, 24 abstraction occurs from the two oxidants. Cl is more likely 225
1ss mm) at 3 SLPM to collect particles on the filter while gas to abstract H from near the end of an alkyl chain (primary and 226
186 sampling was conducted through a parallel sampling line. primary-adjacent sites), while OH is more likely to abstract 227
187 Particle collection lasted 15—45 min during each experiment. from tertiary sites. 228
188 During particle-desorption mode, a heated flow of clean air or 3.1. Effects of Branching: Insights from 3,3-Dimethy- 220
189 ultra-high purity N, was passed through the filter to volatilize loctane. Analysis of the gas- and particle-phase compositions 230
190 compounds from the collected particles for analysis by the of 3,3-DMO and decane oxidation products provides insight 231
191 CIMS. Flow was heated from 25 to 200 °C (as measured just on the effects of branching and alkane oxidation in general. 232
192 above the filter) at 10 °C min™" for an ~20 min desorption The simplest C10 products observed are di-substituted alkanes 233
193 cycle which was then followed by a 20 min soaking period at that contain a nitrate group, either second-generation dinitrates 234
194 200 °C to desorb remaining material. The signal measured by or first-generation 1,4-hydroxynitrates, consistent with prior 235
195 the CIMS between 25 °C (room temperature) and 180 °C is work ang lg%lown mechanisms on the OH-initiated oxidation of 236
196 then plotted against the gas temperature to create a alkanes.”””” Several early generation alkane oxidation progucts 237
197 thermogram (see Figure 4). Data analysis was conducted such as C10 mononitrate or hydroxy—ketone molecules™ are 238

198 using Igor Pro 6.7.3.2 (Wavemetrics) with Tofware versions not effectively detected by the I" CIMS. The signal for 239
199 2.5.13 (Tofware; CIMS) or 2.5.11 (FIGAERO-CIMS). A hydroxynitrates rises before the signal for dinitrates (Figure 240
200 uniform response factor by the I” CIMS to analyte molecules is S3), consistent with their formation during the first generation 241

501 assumed.*8 of oxidation. Other second generation products such as C10 242

ketone—hydroxy—nitrate and C10 ketone—ketone—nitrate are 243

detected shortly after C10 dinitrate (Figure S3). 244

3. RESULTS AND DISCUSSION The main difference in the oxidation chemistry between 24s

202 Table 1 summarizes conditions of the chamber experiments decane and 3,3-DMO is the increased propensity for 246

203 discussed in this work. Also shown in Table 1 are ACSM- fragmentation in 3,3-DMO following initial H-abstraction. 247

204 derived SOA measurements, which are discussed in more Fragmentation of the parent 3,3-DMO is expected to be 248

205 detail in Section 3.4. Characterization of gas- and particle- favorable following H-abstraction at carbon-2, carbon-4, or 249
206 phase alkane oxidation products and the relevance of these either of the methyl substituents. This is illustrated in Schemes 2501

C https://doi.org/10.1021/acs.jpca.1c03516
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Scheme 1. Formation of 1,4 Hydroxynitrates from the Oxidation of 3,3-DMO under High-NO, Conditions”
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“Shown are potential reaction pathways following initial H-abstraction at carbon-2, the primary methyl groups, and carbon-7. Abstraction at the
methyl position and at carbon-2 are expected to be the main pathways that form the C9 and C8 hydroxynitrate molecules, respectively. A more
detailed scheme is shown in Scheme S1. The C10 nitrate molecule can form after abstraction if molecular decomposition does not occur (which is
likely for most remaining positions). The middle and right-side branches are expected to be similar to oxidation by OH, while the left-side branch is

expected to be more significant for oxidation by Cl.
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Figure 1. Gas-phase I~ CIMS timeseries for C6-10 hydroxynitrate (C,H,,,;ONO;) molecules formed during the high NO, oxidation of decane
[(a) expt. 1] and 3,3-DMO [(b) expt. 13]. Signals have been averaged over 7.5 s timescales and normalized to an I” signal of 1 X 10°.

1 and S1 (provided in Supporting Information) and leads to
the formation of an aldehyde and tertiary carbon radical
through previously described mechanisms.*” This is a relatively
favorable process compared to fragmentation after H-
abstraction at any carbon atom on n-decane as this would
form a primary carbon radical.”® The extent of fragmentation
following initial oxidation can be tracked through the signals
for several of the reaction products discussed above. We focus
primarily on the 1,4-hydroxynitrates C,H,OHNO; (abbre-
viated as CX-HN) during this discussion, as it is the simplest
first-generation product we can detect. We assume uniform
ionization efficiency by the I” CIMS of the C6—C10-HN
molecules. Figure 1 compares the ion intensities of C6—C10-
HN molecules which form either following the initial oxidation
of the alkane (C10-HN) or after initial oxidation leads to
fragmentation and the formation of a C < 10 alkyl radical.”®
These reactions are shown in Schemes 1 and S1. The C10-HN
signal during decane oxidation is much more intense than that
of C(6—9)-HN. This is expected, as there are no favorable
270 locations for fragmentation to occur within the molecule. In
271 contrast, there are clear indications of C8- and C9-HN
272 production during 3,3-DMO oxidation (Figure 1b), which

25
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264
265
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269

iy
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corresponds to the left and right branches of the reaction
scheme illustrated in Scheme 1, while C6-HN and C7-HN
production remain negligible, which would be expected from
the proposed main oxidation pathways.

The suggested formation pathway for each of the detected
molecules is shown in Scheme 1. C9-HN is proposed to form
following H-abstraction at one of the substituent methyl
groups, as no other reasonable pathway is apparent. This C9-
HN pathway is expected to be more prevalent during oxidation
by Cl, while the pathways to form C10-HN and C8-HN would
be expected to occur during OH oxidation as well.
Approximately 13% of initial H-abstraction in 3,3-DMO is
expected to occur at the methyl positions, estimated based on
previously described structure—activity relationships; the
estimated proportion of H-abstraction occurring at each site
for the molecules used in this work is listed in Table 2.” The
present experimental observations are consistent with previous
structure—activity predictions that Cl will abstract primary H
atoms during oxidation of medium- and long-chain alkanes,’ in
contrast to negligible primary-H abstraction during OH-radical
oxidation.”” The lower intensity of the C9-HN signal
compared to the C8-HN is due to a higher percentage of 294
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initial H abstraction occurring at carbon 2 (~17%) and
differing branching ratios between isomerization and decom-
position at the two sites. Decomposition of the methyl group
primary alkoxy radical (structure Me-RO in Scheme 1) is
expected to occur to a lesser extent than decomposition of the
secondary alkoxy radical at carbon 2 (structure C2-RO).*””!
The abstraction rate for the primary H at the methyl groups
may differ from that at the terminal primary H under some
conditions due to the different local bonding environments for
the carbon atoms: the methyl group C is bound to a
quaternary C, while the terminal C is bound to a secondary
C.°” However, at room temperature, the abstraction rates by Cl
are predicted to be identical.>*> Abstraction rates of the two
types of primary H by OH are also estimated and predicted to
be nearly identical,””** offering support that the rates should
be nearly identical for abstraction by Cl as well.

Fragmentation of 3,3-DMO would also be expected to occur
following H-abstraction at carbon-5, producing 1-pentanal and
the alkyl radical 2-methylpentane (with the radical on carbon-
2). Formation of the 1,4-hydroxynitrate from the 2-
methylpentane radical is less favorable than for the
fragmentation products discussed above as the only H available
for an internal 1,4-rearrangement are primary, which is less
favorable than from a secondary or tertiary carbon. However,
fragmentation to the CS product can still be observed using the
signal from the second-generation dinitrate product
Cy_10H19-20(NO;),, abbreviated as CX-NN; we also assume
uniform ionization efficiency for the C6-C10-NN molecules.
The formation of a dinitrate product is outlined in Scheme S2
and entails the initial formation of an organonitrate and then
subsequent oxidation and formation of a second nitrate
group”® and was observed during prior work.' Dinitrate
products can form from each of the fragmentation products
discussed above and the signals for these molecules are shown
in Figure S4. The observed signal intensities for the C6-C10
dinitrates follow a similar trend as the C6-C10 hydroxynitrates,
where C9-NN is less intense than C8-NN and C(6—7)-NN are
mostly absent. The C5-NN signal is also less intense than C8-
NN, likely due to the deactivating effect that the initial nitrate
group has on second-generation abstraction at a and S
carbons”®*” and the overall higher number of abstractable H in
the C8-N molecule compared to C5-N. Nitrate-group
deactivation toward further H-abstraction and the potential
for additional production during later-generation chemistry are
likely why the C8-NN signal decays at a slower rate than C10-
NN, assuming uniform sensitivity among the different dinitrate
molecules.

CS-NN reaches a maximum concentration at a similar time
as C(8—10)-NN but does not significantly decay over the time
period examined in this experiment. C5-NN is volatile and
unlikely to partition to the particle phase, and after the
addition of two nitrate groups, each remaining abstractable
hydrogen is @ or f to a nitrate group and/or located on a
primary carbon, rendering further H-abstraction relatively
slow. This observation also illustrates another mechanism by
which high-NO, conditions may suppress SOA production.
Smaller alkanes that form through molecular fragmentation will
require the addition of a relatively larger number of functional
groups to reach low enough vapor pressure to condense to the
particle phase. A nitrate group may reduce the volatility of a
molecule by comparable or %reater amount compared to other
common functional groups,” 1325% however if the addition of
nitrate groups also inhibits the molecule toward further

oxidation or internal H-shift, then speciation to nitrate groups
(as opposed to other functional groups) may ultimately cause a
molecule to remain relatively more volatile. This is a factor
which likely becomes less relevant for SOA production as the
chain length of the parent alkane increases, as longer chains
and larger fragmentation products will have a lower initial
volatility and more potentially abstractable H that are not
impacted by nearby nitrate groups.

The tendency toward more fragmentation during oxidation
of 3,3-DMO is also visible in the particle-phase FIGAERO
measurements, where functionalized C < 10 molecules are
relatively more abundant compared to C10 molecules for 3,3-
DMO compared to decane. The average mass spectra during
desorption for decane (red) and 3,3-DMO (blue) are shown in
Figure S5. 3,3-DMO SOA was collected for 45 min compared
to 15 min for decane SOA, resulting in similar overall
intensities after normalization for the two experiments, even
though 3,3-DMO formed less SOA. Differences are visible

378

primarily when comparing the relative peak intensities of 376

functionalized C < 10 molecules, which fall outside the

377

repeating clusters of peaks that correspond to C10 families of 378

molecules. The mono- and dinitrate C,oH,0;_s(NO;) and
CloHyOZ_S(NO3)2 families are visible in Figure S5 as repeating

379
380

and relatively intense peak clusters, with the locations of 381

several families marked on the spectrum above the peak
cluster. These molecules are the most common within the
particle-phase and are present at comparable signal intensities
between the decane and 3,3-DMO spectra. The m/z regions
between these peak clusters are populated by signals from
functionalized C < 10 molecules (<~430 m/z) and C11—15
oligomers (>~440 m/z), which are relatively more intense in
3,3-DMO SOA. The increased prevalence of C11-C1S5
oligomers in 3,3-DMO SOA follows from the increased
production of C < 10 molecules that serve as precursors to
these low-molecular weight oligomers. Also more pronounced
in the spectrum of 3,3-DMO are peaks due to ammonium
sulfate decomposition at m/z 391 and 403, which are likely
enhanced due to the longer particle collection time and higher
ammonium sulfate loading on the filter during the 3,3-DMO
chamber experiment. C < 10 molecules are formed in both
experiments as decomposition of an alkoxy radical becomes
more likely as the alkane becomes more functionalized.*>*’
3.2. Gas-phase Oxidation of Butylcyclohexane. The
presence of the ring structure in BCH is expected to affect how
oxidation proceeds compared to decane. There are six sites for

H-abstraction (four unique) within the cyclohexyl ring of 403

BCH. Alkoxy radicals that form on the ring can undergo
bimolecular reaction with O, to form a carbonyl group, bond
scission to form ring-opened products, or potentially internal
isomerization. Prior work examining the oxidation of cyclic and
polycyclic C10 alkanes by OH observed ring-opening
processes to be significant in affecting oxidation and SOA
formation;”” however, ring opening may be relatively less
significant for BCH due to the length and flexibility of the
butyl substituent. The rigidity of the ring in the unsubstituted
C6 cyclohexane prevents any internal isomerization by the
alkoxy radical,” but the butyl substituent in BCH is flexible

and may enable internal isomerization to occur from some of 415

the carbon atoms within the hexyl ring, particularly those
adjacent to the branching point. The rate at which alkoxy
radical isomerization may occur from positions on the ring is
unknown, which precludes an estimation of the extent to which

each of these processes occur during the first generation of 420

https://doi.org/10.1021/acs.jpca.1c03516
J. Phys. Chem. A XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03516/suppl_file/jp1c03516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03516/suppl_file/jp1c03516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03516/suppl_file/jp1c03516_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.1c03516/suppl_file/jp1c03516_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c03516?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Scheme 2. Ring Opening in Butylcyclohexane Following H-Abstraction para to the Butyl Substituent”
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“The expected main product is a substituted di-aldehyde, similar to the previously described oxidation of cyclohexane.56 The scheme shown here is
not exhaustive and does not show a number of other potential reactions, which proceed through similar pathways to products of different
structures. The rate k; marked with a blue arrow is not well-characterized and is discussed further in the main text.
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Figure 2. Gas-phase I” CIMS timeseries for the C;(H,0; molecules detected during low-NO, oxidation of decane [(a) expt. 6] and BCH [(b)

expt. 11]. Signals have been averaged over 15 s timescales. The values for

« »

x” vary from 16—22 for decane and 14—20 for BCH, corresponding to

0—6 net H lost. Traces are colored according to the net number of H lost from the parent molecule.

421 oxidation. For the discussion in this work, we assume that
422 alkoxy radicals formed at the para and meta positions on the
423 hexyl ring (relative to the butyl substituent) will not undergo
424 internal isomerization to a significant extent due to their
425 greater distance from the flexible butyl substituent. Based on
426 the structure of BCH, it appears reasonable that an alkoxy
427 radical at the ortho position could form a six-membered
428 transition state with the butyl substituent to undergo a 1,6
429 isomerization; however, an isomerization occurring from an
430 alkoxy radical at the meta or para positions would necessitate a
431 larger and more energetically unfavorable transition state;”” we
432 are unaware of prior work directly examining isomerization in
433 cycloalkane structures. Ring opening is therefore more likely to
434 occur when initial H abstraction occurs at the para and meta
435 positions on the hexyl ring, which are estimated to be ~32% of
436 initial H-abstraction (Table 2). Based on the relative rates for

reaction with O, and ring opening in cyclohexane, we expect
approximately 60% of alkoxy radicals at the para and meta
positions to result in first-generation ring opening.

The ring-opening process in BCH is shown in Scheme 2 for
H abstraction occurring at the para position, which is expected
to be similar to H abstraction at the meta position. Ring
opening initially produces an aldehyde and a primary carbon
radical, which reacts to produce a hydroxy—dialdehyde or
organonitrate in the presence of NO.>"%° Second-generation
oxidation can abstract an H from many locations on the ring—
opened molecule with abstraction of an aldehyde H likely.”
This initially forms an acyl radical, which may decompose to
produce CO and a primary carbon radical but will likely react
with O, to form an acyl peroxy radical.”” The acyl peroxy
radical reacts with NO, to form a peroxyacyl nitrate or NO to
form an acyloxy radical, which is expected to quickly
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Scheme 3. Reaction Scheme Leading to the Formation of the Two Proposed Possible Structures for the C,,H,,0; Molecule

Detected during BCH Oxidation, Marked as (1) and (2)“
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“Second-generation chemistry for structure 2 is also shown for abstraction occurring at an aldehyde group, with the isomerization rate k, estimated
to be ~0.5 s71.°” An estimate for the isomerization rate k; has not been calculated, though shorter aldehydic H shifts generally occur at rates on the

order of 1 s71.%°

453 decompose to CO, and a primary carbon radical.”’ The acyl
454 peroxy radical may also undergo a 1,7 H-isomerization with a
455 rate of k;, marked by the blue arrow in Scheme 2. This
456 rearrangement—a tertiary a-OH hydrogen to an acyl peroxy
457 radical—may occur at a rate that is competitive with
458 bimolecular reactions even under high NO, conditions.*®*’
459 1,5 or 1,6 H-isomerizations from the a-OH carbon are
460 available to the acyloxy radicals that form following H-
461 abstraction at either aldehyde group and have also been
462 calculated to have a low energy barrier.”> We do not show this
463 pathway in Scheme 2 as it is not directly observed, and
464 quantum chemical calculations suggest it is not likely to be
465 significant,”"*° but we mention the possibility as modeling the
466 behavior of the acyloxy radical has been described as
467 complex™' and recent work has highlighted a gap in the
468 mechanistic understanding of how oxidation proceeds in

469 similarly structured molecules.”’
470  The formation of first-generation ring-opened products can
471 be observed through the gas-phase I" CIMS data. Ring

472 opening is expected to occur more frequently under high-NO,
473 conditions due to increased formation of alkoxy radicals.
474 However, high-NO, conditions also provide more pathways for

propagation of the radical reaction sequence, so ring-opened
products are initially easier to track under low-NO,, conditions.
Figure 2 shows gas-phase signals for four potential early
generation oxidation products of BCH and decane (under low-
NO,) that contain three O atoms; molecules containing two or
fewer O atoms are not consistently detected. The traces are
colored according to the number of H atoms lost from the
parent molecule and show that BCH is unique from decane in
that one of the detected compounds has lost a net of zero H
atoms while adding three O. The production of, presumably, a
first-generation hydroxy-hydroperoxide or aldehyde-peroxide
appears to be unique to BCH (i.e., C,oH,y = C;oH,,0;) and is
depicted in Scheme 3. The fact that comparable oxidation
products are not observed during decane oxidation suggests
that other reaction pathways are not responsible for the
formation of this molecule. Structure 1, as depicted in Scheme
3, is a hydroxy-hydroperoxy molecule that may form if initial
H-abstraction occurs at the branch point on the ring, while
structure 2 is a ring-opened molecule containing an aldehyde
functionality and a hydroperoxy group. Both of these structures
are likely feasible; however, we would expect that most of the
signal is due to structure 2 (Scheme 3). Only ~6% of the initial
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Figure 3. Average I~ FIGAERO-CIMS mass spectra for decane (blue, expt. 6) and BCH (red, expt. 11) low-NO, SOA during the FIGAERO
desorption cycle. Signals at each m/z are plotted as their percent of the total organic signal (total signal minus reagent ion and decomposition of
ammonium sulfate seed aerosol) measured during the desorption cycle. The upper spectrum (a) shows the m/z range comprising C10 monomers,
while the lower spectrum (b) shows the m/z range comprising some of the dimers and oligomers. Selected C10 and C > 10 molecular families are
annotated. Monomer signals compose a larger fraction of BCH SOA, while oligomer and dimer signals compose a larger fraction of decane SOA. In
(a), most of the intense peaks in the spectrum are offset by 2 m/z, corresponding to the 2 a.u. difference between decane and BCH. In (b), most of
the intense peaks are offset by 2—4 m/z, reflecting a mix of ring-retaining and ring-opened BCH molecules. HOMs with O/C > 0.5 are observed in

SOA originating from both alkane precursors.

H abstraction on BCH is estimated to occur from the tertiary
site (Table 1) in contrast to ~32% occurring from the meta
and para positions on the hexyl ring. After a peroxy radical
forms at one of these positions, reaction with RO, will
compete with other reaction channels, primarily HO, but also
potentially OH and CL**~** The RO,—RO, reaction rate of
the tertiary RO, would be approximately an order of
magnitude lower than the reaction rate of the secondary
RO,,*”°" indicating that the tertiary RO, will be more likely to
react along a different pathway than shown in Scheme 3.
Internal isomerization of the peroxy radicals 1-ROO and 2-
ROO, shown in Scheme 3, are also possible. Isomerization of
1-ROO is estimated to be quite slow due to the OH group f to
available carbons,” while isomerization of 2-ROO may be
competitive under some conditions. This would be a 1,8 shift,
which is generally expected to be ~two orders of magnitude
slower than isomerization that proceed through smaller
transition states,””®” but isomerization from aldehyde H
atoms is also expected to be quite fast,””’ thereby enabling
autooxidation, which has been recently reported for OH—
akane oxidation chemistry.*’

Second-generation oxidation of ring-opened BCH molecules
is likely and is also illustrated in part in Scheme 2. H-

abstraction is expected to occur rapidly at an aldehyde carbon
such as in structure 2 in Scheme 3°” to produce an acyl radical
that will fragment or react with O, to form an acyl peroxy
radical. In the absence of NO,, the acyl peroxy radical can
undergo isomerization,”*** react with HO, to form a
carboxylic acid, a peroxy acid, or an acyloxy radical,’ or
potentially react with RO,. The chemistry of the acyl peroxy
radical in a similar system, ring-opened cyclohexene, has also
been discussed in recent work.”* The rate at which the acyl
peroxy radical (2-AOQO) isomerizes, k,, is predicted to be
relatively fast’™®> at ~0.5 s™' based on estimations via
structure—activity relationships.”” Acyloxy radicals formed in
this step will likely undergo fragmentation to produce CO, and
a primary alkyl radical,”" which will then continue to produce
RO, and/or RO in subsequent reactions (not shown). This
represents a clear and probable pathway toward forming
carboxylic and peroxy acids during BCH oxidation. An
increased propensity for particle-phase organic acid formation
during BCH oxidation compared to decane oxidation is
reflected in the ACSM data (Table 1) with significantly higher
ACSM f,, values for BCH (~0.11) than for decane (~0.07)
under low-NO, conditions. f,, is the fraction of the organic
signal at m/z 44, which is attributed primarily to CO," and
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Figure 4. Thermogram desorption profiles for monomers (a,c) and oligomers/dimers (b,d) for SOA from decane [(a,b) expt. 6] and BCH [(c,d)
expt. 11], both conducted under low NO, and medium RH. Note the difference in y-axis scale between (a,c) but not (b,d). In (a,c), green symbols
correspond primarily to C,oH;4_,,0,], blue symbols to C;oH4_,,0:], and red symbols to C,;H;,_150¢L. In (b,d), the m/z correspond to a mixture

of multifunctional oligomeric (Cyy_,y) and dimeric (C,,) molecules.

assumed to mostly originate from carboxylic acids.® Differing
amounts of organic acids in decane and BCH SOA may affect
particle-phase processes such as oligomerization and other
heterogeneous reactions."’

The reaction pathways illustrated in Scheme 3 for the low-
NO, oxidation of BCH rely on the reaction between two RO,
radicals to form RO radicals, though RO may also form due to
reaction with CL.** Photolysis of ROOH may also form RO in
environmental systems and some chamber experiments;*>*°
however, based on the 354 nm wavelength lights used in this
work, we suspect that gas-phase photolysis of ROOH does not
occur to a significant extent in the present work.®” RO,-RO,
and RO,—Cl (or RO,—OH) reactions may be of limited
significance in atmospheric systems'’ but may occur in the
low-NO, experiments described here. Chamber modeling (see
Supporting Information, Section S1) shows that the concen-
tration of Cl atoms, [Cl], is initially 2.6 X 107 molecules cm™,
about 40 times lower than [HO,] (approximately 1.0 X 10°
molecules cm ™), suggesting that RO,—Cl reactions may occur
but will not be a substantial RO, loss process.”” The rapid
oxidation of alkanes by CI** will lead to a high [RO,]
(approximately 6.5 X 10" molecules cm™) and fast multi-
generational chemistry (as discussed in Section 3.1 and in prior
work'). RO,—RO, reactions have rate constants that vary
considerably depending on RO, structure and substitution and
are generally lower than those for HO,—RO,,****% but RO,—
RO, reactions may be competitive immediately after alkane
oxidation begins when [HO,] is low or over the first several
minutes of alkane oxidation when multigenerational chemistry
may lead to the formation of substituted peroxy radicals.”® In
atmospheric regimes where RO, + HO, chemistry is more
dominant, the formation of hydroperoxy and carbonyl groups

is expected to be most favorable and ring opening resulting
directly from gas-phase oxidation may not occur to a significant
extent. Photolysis or heterogeneous reactions may still lead to
ring opening as molecules persist in the atmosphere.’*

3.3. Particle-Phase Differences between BCH and
Decane SOA. Previous work has shown that multifunctional
nitrates present as monomer and oligomeric molecules are

significant components of SOA formed from Cl oxidation of ss2

linear alkanes under high-NO, conditions." We expect BCH
SOA formed under high-NO, to have a similar overall
composition compared to decane, as chemistry proceeds
similarly for the molecules following ring opening in BCH.
FIGAERO-CIMS analysis of decane and BCH SOA produced
under low-NO,, medium RH conditions (exps 6 and 11 in
Table 1) shows that the most common compounds are C10
molecules (monomers) and that oligomeric compounds are
also present to a significant extent (Figures 3 and 4). Average
mass spectra for the FIGAERO desorption thermograms for
BCH and decane are shown in Figure 3. Peak clusters
corresponding to specific C,H,O, families are indicated on the
mass spectrum. Comparison between decane and BCH peaks
shows that similar C,H,O, families are represented in the SOA
of both compounds, though many of the most intense
monomer peaks (Figure 3a) in the BCH spectrum are shifted
2 m/z lower than in decane. This reflects the 2 fewer H that
are present in the parent BCH structure (C;,H,,) compared to
decane (C;oH,,) and suggests the preservation of the ring
structure in many condensed phase molecules. Dimer and
larger oligomer peaks (Figure 3b) in the BCH spectrum are
shifted lower by 4 m/z, while smaller oligomer peaks are
shifted lower by 2 m/z, reflecting the presence of both ring-
retaining and ring-opened molecules.
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A comparison of the temperature-dependent FIGAERO
thermogram signals for several of the most common monomer
compounds are shown in Figure 4. Most BCH oxidation
products desorb at higher temperatures than their decane
counterparts with similar molecular formula, with the temper-
ature at which maximum signal intensity is reached (T,,,)
differing by 5—20 °C. We do not believe that these T, values
are significantly affected by filter loading artifacts, as filter
loadings are comparable and are calculated to be above those
at which T, shifts were observed to plateau in prior work."*’
This indicates that BCH monomers have lower volatilities,
which could arise from two factors. First, BCH oxidation
products that retain the ring structure will have an inherently
lower vapor pressure due to the presence of functional groups
on the ring structure.”** Second, ring-opened BCH oxidation
products will contain terminal functional groups that lower the
vapor pressure of a molecule more than non-terminal
functional groups.’’*” We suspect that preservation of the
ring structure more strongly contributes to the observed T,
differences based on the previously mentioned 2 m/z
difference between the most intense peaks in the decane and
BCH spectra (Figure 4) as well as a comparison of
thermograms for high-NO, BCH and decane SOA, as shown
in Figure S6. Under high-NO, conditions, the thermogram
profiles and T, for non-nitrate BCH and decane monomers
are more similar. High-NO, conditions will favor RO
chemistry and lead to more ring opening occurring during
BCH oxidation, so fewer high-NO, BCH oxidation products
are expected to retain the ring structure.

It is also apparent from Figure 4a,c that signal for C10
molecules typically have a T, of 80—100 °C but also possess
a secondary maximum at higher temperatures of 120—130 °C.
This secondary maximum coincides with the T, for
oligomeric molecules (consisting of C < 20 oligomers and
C20 dimers) that are shown in Figure 4b,d, suggesting that the
secondary desorption maximum is due to thermal breakdown
of oligomers and dimers.”*” Some C < 20 oligomeric signals
(Figure 4b,d) also have a primary and secondary T, This
may reflect different structures with the same formula or could
result from the thermal breakdown of larger oligomers that
leads to the volatilization of a portion of the parent oligomer.
Oligomer and dimer signals compose a smaller fraction of
BCH SOA than decane SOA, as shown in Figure 3b. This
indicates that a smaller fraction of BCH SOA is composed of
oligomeric molecules, which maybe be due to increased
thermal decomposition of BCH oligomers or a lower BCH
dimer production rate. Previous work theorized that thermal
fragmentation begins to dominate over evaporation at
temperatures near ~120 °C for alkane—Cl SOA," which is
the temperature range where most decane dimers reach T,
(Figure 4). Since BCH monomers typically have a higher T,,,,
than decane monomers, BCH dimers may also have higher
T, than decane dimers. BCH dimers would therefore be
more likely to thermally decompose before volatilizing, given
the ~120 °C high-temperature limit for analyzing the thermal
desorption of alkane—Cl SOA." However, C < 20 oligomer and
dimer signals that peak well before 120 °C (e.g, those near m/
z 457, 485, 497, and 515) in decane SOA are also less intense
in BCH SOA, as seen in Figure 3b. C < 10 fragmentation
products that form during alkane oxidation serve as precursors
(in addition to C10 monomers) for C < 20 oligomers.
Fragmentation products can form during second-generation,
and later oxidation of either decane or BCH after functional

groups has been added to the parent molecule.”*” Depending
on the location at which H-abstraction occurs in BCH,
fragmentation may be less likely because of the ring structure
or may be more likely because of the branching points in the
molecule, as was observed in prior work.””

The lower abundance of oligomers formed under low-NO,
conditions from branched cycloalkane SOA compared to linear
alkane SOA is consistent with past work,”® although the exact
reason for which this occurs is unclear. Molecules containing
potential precursors to oligomeric compounds, including
peroxy and carbonyl groups, were previously observed in
branched cycloalkane SOA.”’ Ring structures can be
incorporated into oligomeric molecules, as laid out in the
reaction schematics of prior work;”””" however, such
oligomers may not necessarily be stable. Six-membered rings
are generally most stable when functional groups are located

683
684
685

equatorial to the ring, as opposed to axial, but if 686

oligomerization reactions occur between functional groups
on a cyclohexyl ring (such as a carbonyl group in function-
alized BCH), the resulting structure would have functional
groups in both the axial and equatorial positions. This may
destabilize the oligomer and favor the reverse reaction to
individual monomers.

3.4. Trends in SOA Production. ACSM-derived values
for SOA yield and fractional values for selected organic ions for
each experiment are listed in Table 1. f,; represents the fraction
of the total organic signal observed at m/z 43 and is attributed
primarily to C,H;0", while f,, represents the fraction of the
total organic signal at m/z 44 and is attributed primarily to
CO,".%° Several trends are visible across the experimental data.
Under high-NO, and low-RH conditions, SOA production
decreases on the order BCH > decane > 2-MeNo > 3,3-DMO,
following the trend of decreasing SOA with increasing degree
of branching that has been observed in prior work for OH-
initiated chemistry.”**”’*> An increased degree of branching
increases the relative amount of alkoxy radical intermediates
that decompose, as fragmentation to produce a secondary or
tertiary carbon radical is more favorable than production of a
primary carbon radical. Fragmentation produces two molecules
of higher volatility than the parent molecule, thereby
decreasing the potential for SOA formation in the system.
These fragmentation products must undergo further oxidation
in order to condense to the particle phase, which increases the
oxidized character of SOA derived from branched alkanes and
is consistent with the increased f,, values for 2-MeNo and 3,3-
DMO relative to decane (Table 1). Alkoxy radical decom-
position and fragmentation of BCH can be favorable if H-
abstraction occurs on the butyl substituent & to the ring, but
decomposition of an alkoxy radical located on the ring results
in a ring-opening process rather than molecular fragmentation,
thereby preserving the C10 structure. ACSM measurements
suggests a differing oxidized character for SOA from BCH and
decane, based on lower f,; values for BCH SOA across all
conditions and comparable or higher f,, values for BCH SOA
under high-NO, and low-NO, conditions, respectively. Lower
3 values indicate a lower oxidized organic character®® and may
originate from ring-retaining BCH molecules, discussed in
Section 3.3, that require a lesser degree of oxidation than
decane to reach sufficiently low vapor pressure and condense
to the particle phase. Higher f,, values likely result from ring-
opened BCH reactions that form organic acids® under low-
NO, conditions, as discussed in Section 3.2.
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More SOA is produced from decane and BCH oxidation
under low-NO,, compared to high-NO, conditions. Addition-
ally, BCH tends to produce more SOA than decane under low-
NO, conditions, in particular at low RH. Increasing RH (to
values in the range ~40—55%) decreases SOA production
under high NO, for decane but in the absence of NOx, it
increases SOA yield for decane and has no apparent impact on
SOA yield for BCH. Low-NO, conditions favor peroxy radical
(RO,) chemistry over alkoxy radical (RO) chemistry. More
prevalent RO chemistry may enhance SOA formation from
alkanes by enabling the rapid addition of multiple functional
groups to molecules through alkoxy radical isomerization®”*®
and subsequent multi-generational chemistry.*>*° Under high
NO, conditions, increased RO chemistry is expected to lead to
more molecular fragmentati0n35’36’50 and NO, may scavenge
radical oxidants,' thereby reducing SOA formed. Elevated RH
can have mixed effects on SOA formation”® and has previously
been observed to suppress oligomer formation’’ and acid-
catalyzed reactions,”* but the formation of HCI and organic
acids during our experiments may lower aerosol pH and
facilitate acid-catalyzed processes. The differing effects of RH
on low-NO, decane and BCH SOA may relate to the
compositional differences discussed in Section 3.3 or may be
due to other factors. Effects of RH on SOA formation and
composition may also become more pronounced during longer
timescales than the present experiments.

The trend of reduced SOA formation under high-NO,
conditions for linear and branched cycloalkanes is consistent
with recent work with OH*” and in contrast to other prior
work with OH.”” Differences compared to past work may
occur due to differing oxidant exposure and aging timescales.
In the present work and in the work of Li et al. (2019),”” who
used an oxidation flow reactor, SOA production was measured
after a relatively short but intense oxidant exposure timescale
of 2 min, compared to 20—25 min in this work. The
experiments of Loza et al. (2014) measured SOA production
after a period of several hours of UV and less-intense oxidant
exposure.72 Less-intense oxidant exposure may increase SOA
yield under high-NO, conditions through the addition of more
functional groups to parent VOCs via alkoxy radical chemistry
(relative to low-NO,) and by limiting the extent to which
fragmentation reactions occur (relative to higher oxidant
exposure). Under low-NO, conditions, a longer UV exposure
and aging timescale may enable increased photolysis of
hydroperoxy and/or carbonyl molecules,” leading to more
fragmentation and less SOA. Different concentrations of RO,
and HO, radicals formed may also affect how oxidation
proceeds and terminates. The differing observations on SOA
formation between these works suggest that high-NO, and
low-NO,, alkane-derived SOA undergo chemical aging along
different timescales and potentially through different mecha-
nisms.

RO,-centric autoxidation reactions forming highly oxidized
molecules (HOM:s) have seen recent attention as a mechanism
by which SOA can form (primarily in biogenic systems) under
low-NO, conditions’> and potentially under high-NO,
conditions as well.”” Molecules with a high number of oxygen
atoms (non-nitrate O/C > 0.5) are detected in the particle
phase during FIGAERO desorption measurements of SOA
formed from decane and BCH under high- and low-NO,
conditions (Figures 3 and SS; see also Wang and Hildebrandt
Ruiz, 2018), consistent with recent work on OH-initiated
alkane oxidation.”” However, our data do not provide

definitive evidence for or against the formation of autox-
idation-derived molecules in the present work.”””>7® Several
different mechanisms, some of which involve auto-oxidation,
could explain the observed high oxygen number molecules.
High-NO, conditions can enable the addition of multiple
functional groups to an alkane through RO isomerization and
subsequent chemistry during a single generation of oxidation,
as described previously.*®
simple hydrocarbons are generally expected to terminate
quickly,” the formation of aldehyde groups through the
abstraction of primary H or ring opening in BCH may provide
avenues by which autoxidation reactions can occur.’”**”* Such
reactions may proceed, for example, via abstraction of an
aldehyde H by a peroxy radical®”® or via acyl peroxy
radicals’®*® that are generated following abstraction of an
aldehyde H. Overall, though we cannot say with certainty,
autoxidation processes may contribute to the increase in SOA
production under low-NO, conditions observed in this work
and to trends in SOA production by Cl oxidation more
generally.'

Previous studies have shown that the net effects of NO,, on
SOA formation depend on the structure of the hydrocarbon
precursors, hydrocarbon/NO, ratio,””*””%”>”* and NO,
speciation. Prior work with C8—C12 linear alkanes showed
that experiments with a higher initial NO/NO, ratio produced
more SOA." The decrease in SOA formed under elevated RH
and high NO, was discussed in greater detail in prior work'
and is consistent with recent work on OH-derived alkane
SOA,”” where decreased SOA production was attributed to
inhibition of the acid-catalyzed cyclization of 1,4-hydroxycar-
bonyl molecules.”*”” Fewer 1,4-hydroxycarbonyl molecules are
expected to form under low-NO, conditions where RO,
chemistry is favored,”””* so the impact of RH between low-
and high-NO, conditions is not expected to be directly
analogous. RH has been observed to both enhance and
suppress SOA formation’””® and would be expected to
primarily affect particle-phase processes such as heterogeneous
chemical reactions, oligomerization,49 and organonitrate
hydrolysis.”*”® Aerosol pH may affect these processes but
was not investigated in this work. However, HCl produced
through gas-phase and heterogeneous H-abstraction® by Cl
may interact with particles and particle surfaces to affect
heterogeneous processes. The formation of organic acids
following primary H abstraction or ring opening in BCH may
also be able to catalyze some particle-phase processes.

4. SIGNIFICANCE AND IMPLICATIONS

Our experiments on the oxidation of C10 alkanes by CI show
that, compared to a base scenario with a linear alkane, SOA
formation is lower for a branched parent alkane and higher for
a branched cycloalkane; these observations are similar to
conclusions of prior work using OH.”** Molecular
fragmentation products detected during the oxidation of 3,3-
DMO are consistent with the abstraction of primary H by Cl,
which confirms prior theory’ and is an expected mechanistic
difference between Cl and OH oxidation of medium- and long-
chain alkanes. When comparing the initial oxidation of alkanes
with uniform carbon number, the oxidation of branched
alkanes by Cl likely differs most significantly from oxidation by
OH due to a higher percentage of total H being primary,
primary-adjacent, or tertiary, though whether this leads to
significant differences in SOA production will depend on how
substituent length and location within the larger alkyl structure
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8s6 impact secondary radical (RO, RO,) propagation and
gs7 termination.””**** Primary H abstraction enables the for-
858 mation of primary functional groups (such as organic acids and
859 PANs, as well as nitrates, alcohols, and aldehydes) during
860 alkane oxidation without proceeding through RO decom-
861 position or multi-generational heterogeneous chemistry. This
862 leads to increased production of high-carbon number organic
863 acids (under low NO, conditions) or PANs (under high NO,
864 conditions) when Cl is present to participate in oxidation
86s chemistry. The production of primary alcohols and nitrates will
866 likely lead to more SOA production during later-generation
867 chemistry,”*** while the production of aldehydes that may
868 ultimately lead to increased fragmentation or participate in
869 autoxidation will likely lead to overall more varied chemistry
870 compared to what is observed in OH-only systems.

871 BCH and decane oxidation products possess similar
872 molecular formulae under both low-NO, and high-NO,
873 conditions and the high-NO, SOA properties appear to be
874 similar. However, oxidation under low-NO, conditions leads to
87s several differences in the molecular-level properties between
876 decane and BCH SOA that relate to the behavior of the BCH
877 hexyl ring. First, low-NO, BCH oxidation products are
878 generally of lower volatility than those of decane, which likely
879 results from molecules that retain the hexyl ring’"** and
880 contribute to increased SOA formation from BCH under low-
881 NO, conditions. Second, oligomerization occurs to a lesser
gs2 extent in low-NO, BCH SOA, which is consistent with past
883 work’’ and may result from steric hindrances to oligomeriza-
8s4 tion for ring-retaining molecules. Third, ring-opened BCH
8ss molecules lead to increased formation of organic peroxy and
886 carboxylic acids, as evidenced by higher f,, values for low-NO,
887 BCH SOA. These molecular-level differences between the
888 oxidation products of branched cycloalkanes and linear alkanes
889 may lead to differences in SOA formation and properties and
890 how SOA evolves during atmospheric chemical aging.

891 Oxidation of n-alkanes by Cl was previously observed to
go2 differ from oxidation by OH through a more rapid reaction
893 timescale and an increase in SOA yield." The present work
894 suggests that similar trends also hold for alkanes of varying
89s structures. These differences likely arise, in part, from
896 differences in where Cl and OH abstract H on the carbon
897 backbone (Table 2) and how this affects multigenerational
898 chemistry. SOA formation following initial oxidation is
899 controlled, in part, by the activating and deactivating effects
900 of different functional groups towards H-abstraction durin§
901 internal isomerization and second-generation chemistry.”****
902 Significantly, molecules with functional groups on primary or
903 primary-adjacent carbons (the locations where Cl is more
904 likely to abstract H compared to OH) tend to undergo less
90s fragmentation and therefore produce more SOA during
906 multigenerational chemistry.””*”** A survey of the available
907 literature'® suggests that there are also some potentially
908 significant differences in substituent effects between H-
909 abstraction by Cl and by OH. Prior work examining Cl
910 oxidation of linear, branched, and cycloalkanes observed alkyl
911 substituents to have a deactivating effect on oxidation by CI, in
912 contrast to oxidation by OH.” Cl also reacts more quickly with
913 several linear alkanes than their counterparts with oxygen-
914 containing functional groups, a trend which is generally
915 opposite that of OH.' This trend is especially true for
916 aldehydes, which are greatly activated toward reaction with
917 OH but tend to react more slowly with CL'® These differences
o18 likely arise for multiple reasons, but overall suggest less

—_

—

—_

specificity for H-abstraction by Cl towards functionalized 919
alkanes, particularly aldehydes, and demonstrate the need for 920
more complete structure activity relationships to predict 921
alkane—Cl reactivity.”' Less specificity by Cl when oxidizing 922
hydroxyl- and aldehyde-substituted alkanes may also lead to a 923
decrease in molecular fragmentation®>" and a corresponding 924
increase in SOA production, following in the “functionalization 925
vs fragmentation” framework for VOC oxidation.*” However, 926
further work would be needed to determine the extent to 927
which Cl and OH reactivity trends differ in functionalized and 928
multifunctional molecules and potential effects on SOA 929

formation. 930
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